A rapid nucleic acid hybridization procedure was developed for examining the genotypic variation of dengue type 2 viruses (DEN 2) having distinct RNase T1 fingerprints and isolated from different geographical areas. Synthetic DNA hybridization probes were constructed complementary in nucleotide sequence to coaimon and unique RNase TI oligonucleotides of topotype viruses from Puerto Rico/South Pacific, Jamaica, the Seychelles, Thailand/Burma and Africa. Hybridization probes with both type-and topotype-specific reactivities were observed, as were probes specific for two or more of the DEN 2 topotypes. These results confirm geographical movement of topotype virus strains and suggest possible origins. Detection of DEN 2 RNA by hybridization is a rapid and reproducible method that can be modified and applied as a viable alternative to the laborious T1 oligonucleotide fingerprinting.
INTRODUCTION
Dengue fever and its more severe form, dengue haemorrhagic fever/dengue shock syndrome (DHF/DSS), continue to be international health problems in much of the tropical areas of the world (specifically Southeast Asia and the Caribbean basin). The following factors have been important in the epidemic spread and expanding distribution of dengue virus (DEN) strains: (i) a rapid rise in urbanization and human population numbers, which has caused an increase in the number of mosquito breeding sites; (ii) the growing population of the vector mosquito, Aedes aegypti; (iii) an increase in worldwide air travel, resulting in movement of viraemic hosts into areas permissive for the vector (Halstead, 1984) .
Dengue virus, formerly a member of the flavivirus genus of the family Togaviridae (Wildy, 1971; Melnick, 1973; Fenner, 1976) , has been recently reclassified in the family Flaviviridae (Westaway et al., 1985) . There are four DEN serotypes (1 to 4) (Sabin, 1950; Hammon et al., 1960) readily distinguished by neutralization (Russell & N isalak, 1967) , immunofluorescence by monoclonal antibodies (Henchal et al., 1983; Gubler et al., 1984) and complement fixation (Kuberski & Rosen, 1977; Tesh, 1979) .
Oligonucleotide fingerprinting of viruses within DEN serotypes has revealed variation by geographical distribution (Trent et al., 1983; Repik et al., 1983) . The DEN type 2 (DEN 2) strains studied have been placed in five genetic variants or topotypes: (i) Puerto Rico/South Pacific (PR), (ii) Thailand/Burma (THB), (iii) the Seychelles (SEY), (iv) the Philippines (PH) and (v) Jamaica (JAM) (Trent et al., 1983) . l Present address: Molecular Biosystems Inc., 11180A Roselle Street, San Diego, California 92121, U.S.A.
0000-7289
Because of the increased incidence of both dengue fever and DHF/DSS, the epidemiology of the dengue viruses is of continuing health importance. Oligonucleotide fingerprinting of virus isolates is slow, expensive, and limited to laboratories with highly trained personnel. Other approaches for detecting genetic variation include one-dimensional analysis of RNase T1 fragments (A. V. Vorndam, personal communication), restriction endonuclease analysis of random primed single-stranded cDNA (Faragher et al., 1985) , primer extension sequence analysis of specific genome regions (Ghosh et al., 1980) , monoclonal antibody signature analysis (Wands et al., 1981 ; Monath et al., 1986) and RNA/DNA hybridization using cDNA probes (Blok et al., 1984; Blok, 1985) . We have developed a novel method of obtaining information by the construction of specific short DNA probes for the rapid detection by RNA/DNA hybridization of DEN 2 genetic variants. These probes, complementary to RNase T1 oligonucleotides, show subtopotype-, topotype-and type-specificity.
We have analysed 50 strains of DEN 2 isolated from various geographical areas throughout the world and placed them within six genotypic topotypes.
METHODS
Viruses. The DEN viruses studied were obtained through the courtesy of a number of collaborators (Table 1) and were maintained in the collection of the Division of Vector-Borne Viral Diseases, Centers for Disease Control. All viruses were serologically confirmed to be DEN 2 by indirect immunofluorescence with monoclonal antibody (Gubler et al., 1984) . The strains used in the study were isolated by intrathoracic inoculation ofAedes albopictus or Toxorhynchites amboinensis mosquitoes or by inoculation into C6/36 A. albopictus cells (Igarashi, 1978) and passed in mosquitoes or C6/36 cells prior to the preparation of seed stocks in cultures of C6/36 cells. Viruses were titrated by plaque assay on monolayers of LLC-MK2 cells (Sukhavachana et al., 1966) .
Virus purification and RNA extraction. Monolayer cultures of C6/36 cells were infected, harvested, and virus was purified as previously described (Trent et al., 1983) . Virus was also precipitated from infected cell supernatants by polyethylene glycol 8000 (PEG) (7 ~, w/v) without further purification. Virion RNA was extracted from purified and unpurified virus as previously described (Trent & Grant, 1980) . RNase T1 oligonucleotide fingerprint analysis. RNase Tl-resistant oligonucleotides were end-labelled by a modification of the methods of Pedersen & Haseltine (1980) and Trent et al. (1983) . Following digestion of 10 to 20 gg viral RNA with RNase T1, 10 gl polynucleotide kinase reaction mixture [50 mi-Tris-HC1 pH 7.5, 15 mM-MgCI2, 5 mi-dithiothreitol, 2 mi-spermidine, 100 gCi [3,-32p]ATP (7000 Ci/mmol, New England Nuclear), 10 U polynucleotide kinase (P-L Biochemicals)] was added, and the incubation continued for 30 min at 37 °C. The reaction was terminated by the addition of an equal volume of 0.6 N-ammonium acetate. Yeast carrier tRNA (100 gg) was added, and the mixture was precipitated with 2.5 vol. ethanol at -70 °C. Two-dimensional PAGE was performed according to De Wachter & Fiers (1972) as modified by Lee et al. (1979) . Fingerprints were visually compared and analysed as previously described (Trent et al., 1981) .
Oligonucleotide sequencing. RNase TI oligonucleotides were located by autoradiography, excised, crushed and eluted overnight at 37 °C in a solution of 0.5 M-ammonium acetate, 0.1 mM-EDTA, 50 gg tRNA, 3~ (v/v) diethylpyrocarbonate (Solymosy et al., 1968) . The eluted oligonucleotide was precipitated with 2.5 vol. ethanol at -70 °C, washed with 80~ ethanol, dried under vacuum, and rehydrated in sterile water. After incubation at 55 °C for 5 min, the samples were divided into seven equal aliquots of l gl each and one unit of each of five enzymes [T 1, U2, Phy M, Bacillus cereus and CL3 RNases (P-L Biochemicals)] was added, separately, with 3 gl of the appropriate buffer (Donis-Keller et al., 1977; Donis-Keller, 1980; Boguski et al., 1980 ). An RNA control and an alkaline hydrolysis reaction (Pardigon et al., 1982) were also included. Enzyme digestions and the RNA control were incubated for 12 rain at 55 °C; alkaline hydrolysis was incubated for 6 min at 90 °C. Samples were loaded onto a 20~ polyacrylamide gel at room temperature and electrophoresed at 40 W for 2 h. The gel was transferred onto used X-ray film for support, covered with plastic wrap, exposed to SB-5 X-ray film (Eastman Kodak) with two Lightning Plus intensifying screens (DuPont) at -70 °C, for 2 h to 5 days, depending on the intensity of the radioactivity.
Oligonucleotide sequence analysis. RNA sequence comparisons were made using the Cornell sequence analysis programs (Fristensky et al., 1982; De Banzie et aL, 1984) .
Oligonucleotide probe synthesis. DNA probes were prepared on a 380A Applied Biosystems DNA synthesizer, using proton-activated nucleoside phosphoramidites (Beaucage & Caruthers, 1981 ; Matteucci & Caruthers, 1981) . The probe was purified by preparative acrylamide gel electrophoresis, located by u.v., eluted in 2 N-ammonium acetate, and desalted over a DEAE-cellulose column. For each hybridization, 50 to 100 ng of probe was endlabelled with a twofold molar excess of carrier-free [7-3zP]ATP (7000 Ci/mmol, New England Nuclear). The probe was separated from the radiolabelled ATP and free phosphate by differential salt elution from a DE-52 column. Specific activities of the probes were 1 x l0 s to 5 x 108 c.p.m./gg. Hybridization. Purified RNA or unpurified RNA extracted from cell supernatants was denatured in 10 × SSPE (1-8 M-NaCI, 0.15 r~-sodium phosphate pH 7.7, 0.01 M-EDTA) containing 18.5~ (v/v) formaldehyde, for 15 min at 65 °C (Rave et al., 1979; White & Bancroft, 1982) , blotted onto nitrocellulose (NC), and baked for 1 h at 80 °C (Meinkoth & Wahl, 1984) . The NC was prehybridized in 5 × SSPE, 0.5~ SDS and 100 ~g/ml homochromatography mix l (Jay et al., 1974) for 15 min at room temperature. A 3 z P_labelled probe was added at 0.5 × 107 to 1-0 × 107 c.p.m in 2 to 5 ml prehybridization mix and incubated for 1 h at 40 to 55 °C, depending on the base content and length of the probe. The formulae used to calculate the appropriate hybridization temperatures were: temperature of dissociation (Td) = 2(A + T) + 4(G + C); Td --5 = temperature of hybridization between perfectly matched molecules (Th) of 14 to 20 nucleotides in length (Suggs et al., 1981) . The NC membrane was , 8, 9, 14, 20, 21, 23, 7 25, 35, 37, 41, 44 10/Sudan/84 (36/44) 82 6, 8, 9, 14, 21, 23, 25, 5 44 washed twice in 2 x SSPE + 0.1 ~ SDS at room temperature, and twice in 0.5 × SSPE + 0.1 ~ SDS at Th. The NC membrane was blotted dry and exposed to SB-5 X-ray film (Eastman Kodak) with two Lightning Plus intensifying screens (DuPont) for 1 to 24 h, depending on the intensity of the radioactivity.
RESULTS

Identification of new topotype DEN 2 from Africa
Seven DEN 2 strains isolated either from humans or from A. aegypti mosquitoes from Africa, when analysed and compared with each other and with representative isolates from the other five topotypes (Trent et al., 1983) , were found to have similar oligonucleotide fingerprint patterns ( Table 2) . This group differs from other topotypes and, therefore, constitutes a new topotype. The oligonucleotide fingerprints of these viruses, when compared with HA242-82, a 1982 isolate from Ivory Coast (Fig. 1) , varied from 73~ to 95~ in the number of shared large oligonucleotides. The 1982 Burkina Faso (formerly Upper Volta) isolates, which were closely related by both geography and time to the Ivory Coast strain, showed the highest oligonucleotide homology. Among these strains, two (UV0199 and ARMA7808) appeared to be identical, but were isolated from different sources (human and A. aegypti, respectively). The virus strains from Kenya and Port Sudan, Sudan appeared, by this method, to be more closely related to each other than to the strains from West Africa. For this group of viruses isolated from East Africa, several oligonucleotides were missing more frequently than others (nos. 6, 8, 9 and 14) , when compared with those of the prototype virus.
Sequences of T1 oligonucleotides of DEN 2 strains T 1 oligonucleotides to be sequenced were chosen in the following manner. For each topotype, spots common to all strains in the topotype were noted as shown for the Africa topotype fingerprint (Fig. 1 ). Topotype-specific oligonucleotides of other topotypes were selected from previously published data (Trent et al., 1983) .
Sequences of T1 oligonucleotides for each of five DEN 2 topotypes (PR, AFR, THB, SEY, JAM) appear in Table 3 . Comparisons of these sequences among topotypes were made by computer analysis (Fristensky et al., 1982; De Banzie et al., 1984) and the results were correlated with nucleotide length, content and relative oligonucleotide fingerprint map position. Fig. 2 presents sequence comparisons between SEY (S-44554) and AFR (HA242-82) DEN 2 oligonucleotides.
Oligonucleotide PR1, from the Puerto Rico topotype strain PR152, contained two mismatches when compared with SEY1 and four mismatches when compared with AFR1 (Table 4 ). All three oligonucleotides were located in similar positions in RNA fingerprints. PR2 had one mismatch when compared with SEY3 and two mismatches when compared with AFR19. PR2 and SEY3 had similar fingerprint map positions, but AFR19 was located further to the left, reflecting its lower uridine content (Pedersen & Haseltine, 1980) . PR3 had identity with JAM6 (from Jamaican strain 1409) and two mismatches with THB4 (from Thailand strain D81-170). All three oligonucleotides were similarly located in the fingerprints. SEY2 had one mismatch with AFR2, two mismatches with JAM3 and four mismatches with THB2A. All four oligonucleotides were located in similar positions in the fingerprints. SEY4 had one mismatch with AFR33 and THB5 and two mismatches with PR6. Slight position differences in fingerprint maps reflect uridine content. Subsets of the sequence of JAM40 appeared in PR33, SEY31 and AFR16. SEY31 and AFR16 were identical and appeared within JAM40. They contained at least three mismatches, including the G on the ends. PR33 represented a subset of the 5' end and contained four mismatches, including the G at the 3' end. All four oligonucleotides appeared on the extreme right-hand side of the fingerprints, reflecting their high uridine content. JAM40 migrated well below the others because of its length. JAM42 contained two mismatches with PR18 and both oligonucleotides had similar fingerprint map positions. Comparisons of other oligonucleotides among DEN 2 topotypes showed similar results.
Hybridization of complementary deoxyoligonucleotides to DEN 2 RNA
Maximum hybridization of complementary DNA probes to DEN 2 RNA occurred at 30 rain with virtually no background (Fig. 3) . When hybridization times were increased up to 24 h (data not shown), the homologous signal remained relatively constant, but negative control signal increased. Hybridizations performed under these standard conditions in subsequent experiments showed a sensitivity of detection of approximately 250 pg when RNA was derived from purified virus (data not shown). When RNA was derived from infected cell supernatants, hybridization detected virus from as little as 0.01 ml supernatant or 105 p.f.u, of virus.
Probes demonstrated varying reactivities, from serotype-, to topotype-, to subtopotypespecificities. The PRI probe was specific for all viruses of the PR topotype tested (Fig. 4) , PR2 probe reacted with both the PR and SEY topotypes (Fig. 5) , and PR3 probe, which reacted with all DEN 2 topotypes tested, was DEN 2 serotype-specific ( Fig. 6 ). DEN 2 probes PRI0, SEY1, JAM42, THB9 and AFR1 were shown to be topotype-specific. Other probes showed varying specificities (Table 5) .
When T 1 oligonucleotide sequences were compared among DEN 2 topotypes (Table 4) , probe specificities most often reflected sequence similarities and differences. When there were as few as two base differences, as between PR1 and SEY1, SEY2 and JAM3, and JAM42 and PR18, the probe in question did not detect the divergent sequence, under the conditions used. In other instances, when the hybridization temperature was lower than that of the calculated Th, as in PR3 : THB4, both topotypes were detected. Moreover, calculated Td is not always equal to Td measured emperically (Suggs et al., 1981) , Specificity of the topotype-specific probes was compared with that of oligonucleotide fingerprinting (Tables 6 to 8). All DEN 2 isolates reacted with the serotype-specific PR3 probe. In nearly all cases, topotype-specific probes reacted with their respective topotype strains as confirmed by oligonucleotide fingerprinting.
Hybridization reactions in which the fingerprint pattern and hybridization did not fully agree are of interest. Six strains of the South Pacific subset of the PR topotype, as confirmed by oligonucleotide fingerprinting, and all but one Thailand isolate (D80-141) reacted with the THB9 probe. Two THB strains (S-40916 and D82-010) reacted with the PR1 probe as well as the THB9 probe. Two additional THB strains (D81-170 and D83-076) probe. All four strains were of the THB topotype by oligonucleotide fingerprinting. A 1984 Senegal strain (SH38210) reacted with the AFRI probe. Although the oligonucleotide fingerprint of this strain demonstrated Iess than 50 ~ homology when compared with that of the AFR prototype and therefore could not be placed within that topotype, there were groups of spots that appeared to be homologous. A 1969 Malaysia isolate (P9-485) that could not be classified by oligonucleotide fingerprinting reacted with both SEY and AFR topotype-specific probes while the 1967 Malaysia isolate (S-10098) only reacted with the serotype-specific probe, PR3. The oligonucleotide fingerprint of this strain, however, is distinct. A 1980 Burkina Faso strain (UV2039) isolated from forest mosquitoes, Aedes luteocephalus, likewise reacted only with the serotype-specific probe, and its fingerprint is distinct.
DISCUSSION
T1 oligonucleotide fingerprinting has, for many years, been the basic tool of molecular epidemiologists for detecting genetic variation in RNA viruses (Clewley et al., 1977; E1 Said et al., 1979; Robson et al., 1979; Trent & Grant, 1980; Vezza et al., 1980; Nottay et al., 1981 Repik et al., 1983 ; Trent et al., 1983) . This technique is sensitive and reproducible and provides answers to epidemiological questions. However, it is time consuming and labourintensive. In addition, it requires large amounts of virus and a high level of technical expertise to perform the experiments and interpret the data; thus, it cannot easily be transferred to other laboratories. Another approach is one-dimensional analysis of RNase T1 fragments; this is a rapid way to screen many isolates and detect major differences in genome sequence but is not as sensitive as the two-dimensional analysis. HaeIII or TaqI restriction mapping of randomly primed c D N A (Faragher et al., 1985) has proven to be potentially useful, but priming with calf thymus D N A IP: 54.70.40.11
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Detection of DEN 2 RNA by hybridization Specificity*   PR1  CTTGAGAGGGTTGTTAGAAAAATG  24  50  45  PI"  PR2  CATTGGTGTGATAAATGTTGTA  22  47  45  PS~  PR3  CTGTTGGTGGGATTGTTAGGAA  22  53  50  PSJTANL  PR9  CATGTTTTGTATGGGTGT  18  45  45  PSJL3~  PR10  CTTAGTGGTGGTAGTGT  17  45  45  P  SEY1  CTTGAAAGGGTTGTTAGGAAAATG  24  50  50  S  SEY2  CATATTGGTGAAA GTGTTGAA  21  49  45  SA  SEY4  CTGTGAGAGTTATGGGGTTG  20  55  45  SNAL  SEY5  CTGGTTGGAATTTGTGTTGT  20  51  45  SAL  JAM3  CTTGTTGGTGAAAATGTTGAA  21  47  40  JA  JAMI0 CAATGTTGGTTTGTTTTTT 19 has produced fragments of different sizes that yield considerable variation between tests. Primer extension sequence analysis (Ghosh et al., 1980) , while very informative, requires the nucleotide sequence of the gene in question. RNA/DNA hybridization, using cDNA as probe and S1 nuclease resistance (Blok et al., 1984; Blok, 1985) , lacks the sensitivity needed for detection of subtle genetic variation. Monoclonal antibody signature analysis is quite sensitive, and it correlates well with analysis by oligonucleotide fingerprinting. While the technique is rapid, it requires that all strains to be compared should be run in a single assay, and thus is not as feasible for single virus isolations (Monath et al., 1986) .
We report here a new method for rapid detection of genetic variation between DEN 2 strains using hybridization with specific oligonucleotides. This technique has been used previously in analyses of 4~X-174 bacteriophage DNA (Wallace et al., 1979) , rabbit beta-globulin DNA , sickle cell betas-globulin allele (Conner et al., 1983) , mutations in codon 61 of the human N-ras gene (Bos et al., 1984) , and in the diagnosis of enterotoxogenic Escherichia coli (Hill et al., 1985) . As in oligonucleotide fingerprinting, hybridization with short probes can detect a change in one or more bases (Wallace et al., 1979) . Moreover, hybridization results are available in less than 24 h, as compared with fingerprinting, which requires a minimum of 4 days.
Although our sequence data for DEN oligonucleotides give no clues as to where the sequences reside on the DEN genome, they do show the extent of conservation of oligonucleotide spots.
Hybridization studies, in nearly all instances, corroborated oligonucleotide fingerprinting results. In addition, hybridization studies revealed some relationships that were not shown by oligonucleotide fingerprinting.
Although the fingerprints of the SEY and AFR strains have less than 50~ homology when compared with one another, the oligonucleotide sequence data show more conservation than sequences from other topotypes. Hybridization of the 1969 Malaysia isolate RNA with the SEY and AFR topotype-specific probes showed that these strains were genetically related, a finding not recognized by fingerprints (Table 7) . DEN 2 epidemics occurred in the Seychelles in December 1976 to April 1977 , and December 1978 to January 1979 (Calisher et al., 1981 although there were several outbreaks of a 'fever of unknown origin ' in 1900, 1906 and 1915. Thus, the epidemics of 1976 to 1979 certainly represented introduction of DEN 2 from abroad, probably either from East Africa or Asia. Dengue fever has been reported in various parts of Africa since the 18th century, although the disease may have been sometimes confused with Chikungunya (Carey, 1971) . DEN 2 was documented in epidemic form for the first time in East Africa (Jomalia, Kenya) in 1981 to 1982 (Johnson et al., 1982) and subsequently spread northwards to the Sudan. Coincident with this outbreak, the disease was recognized in West Africa (Burkina Faso; Gonzalez et al., 1985) . The strains from Burkina Faso, Kenya and the Sudan are similar by RNA fingerprinting and were shown to form a new topotype (Table 2) . Malaysia, in recent times, has seen increased transmission of DEN, with many cases of DHF/DSS (Rudnick et al., 1965) . It is difficult to track the origin and direction of movement of these DEN variants involved in the outbreaks without additional virus collections in these areas. However, it is of interest that a genetic relationship has been found among Africa, Seychelles and Malaysia DEN 2 strains by DNA/RNA hybridization. Hybridization results showed a previously unrecognized relationship between the PR and the THB DEN genetic variants ( Table 6 ). The THB9 probe was specific for THB topotype strains and for the South Pacific ecotype strains from the PR topotype. The cross-reactions seen between the PR1 probe and two members of the THB topotype (S-40916 and D82-010), as determined by oligonucleotide fingerprinting studies, provides further evidence that these two topotypes are related.
In some instances, geographical distribution does not correlate with genetic variation. For example, the 1980 DEN 2 isolate from Burkina Faso (UV2039) is distinct from 1982 isolates from that country, by both fingerprinting and hybridization. However, the ecological associations of this isolate are distinct. Strain UV2039 was isolated from A. luteocephalus, a sylvatic mosquito responsible for transmission of DEN between non-human primates in the forest (Cornet et al., 1984) , whereas the 1982 strains were isolated from humans and from A. aegypti, a peridomestic vector. In another instance, genetic variation as measured by oligonucleotide fingerprinting, was seen in DEN strains isolated from forest-dwelling mosquitoes versus those isolated from humans in Senegal (J. Grant, personal communication). At least for the continent of Africa, there appear to be marked genetic differences between enzootic and epidemic DEN 2 strains.
Probes useful in the detection of DEN 2 and further classification at the topotype level include the following. PR3 will detect all DEN 2 strains tested thus far. A battery of probes consisting of PR10, SEY1, JAM42, THB9 and AFR1 will identify, without ambiguity, DEN 2 strains belonging to each of five topotypes (PR, SEY, JAM, THB, AFR). Other probes may be constructed by these same methods to detect not only other DEN 2 topotypes, but also other RNA viruses for which there is little sequence information.
This method can be simplified and improved by the use of non-radiolabelled probes. Experiments are in progress to develop such probes.
